Carbon microcapsules containing silicon nanoparticles (Si NPs)-carbon nanotubes (CNTs) nanocomposite (Si-CNT@C) have been fabricated by a two step polymerization method. Silicon nanoparticles-carbon nanotubes (Si-CNT) nanohybrids were prepared with a wet-type beadsmill method. A polymer, which is easily removable by a thermal treatment (intermediate polymer) was polymerized on the outer surfaces of Si-CNT nanocomposites. Subsequently, another polymer, which can be carbonized by thermal heating (carbon precursor polymer) was incorporated onto the surfaces of pre-existing polymer layer. In this way, polymer precursor spheres containing Si-CNT nanohybrids were produced using a two step polymerization. The intermediate polymer must disappear during carbonization resulting in the formation of an internal free space. The carbon precursor polymer should transform to carbon shell to encapsulate remaining Si-CNT nanocomposites. Therefore, hollow carbon microcapsules containing Si-CNT nanocomposites could be obtained (Si-CNT@C). The successful fabrication was confirmed by scanning electron microscopy (SEM) and X-ray diffraction (XRD). These final materials were employed for anode performance improvement in lithium ion battery. The cyclic performances of these Si-CNT@C microcapsules were measured with a lithium battery half cell tests.
Introduction
The demand for high energy density materials for advanced batteries is rapidly increasing to keep pace with the fast developing speed of high performance mobile devices.
1,2 To date, a lot of researchers have invested efforts to develop electrode materials which retain advantages such as high energy density, high power, safety and low cost. 3 Recently, a large amount of interest has been attracted to the anode materials which can replace conventional graphite anode to improve battery performance. Promising candidates for anode are Sn, [4] [5] [6] [7] [8] [9] [10] Si, 11 and LTO (Li 4 Ti 5 O 12 ), 12, 13 and carbons with diverse structures.
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Among those promising candidates, silicon has been investigated for use as a high-capacity anode material because its theoretical lithium capacity of approximately 4200 mAh/g (Li 4.4 Si) is eleven times higher than the reversible capacity of graphite (372 mAh/g), 11 which is currently used as a most popular anode material. In spite of the high capacity, particle pulverization can be initiated by a large volume change (> 280%) during lithium charge (to Li x Si) and discharge (to reform Si), which results in electrically disconnected smaller particles. This phenomenon causes a rapid decrease in cycling capability. Extensive researches have focused on reducing the volume change by making composites with a carbon material to prevent the aggregation of particle and to act as electrically connecting media between anode particles and the current collector when the particles are pulverized. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] However, these methods lead to a decrease in the charge capacity to less than 1500 mAh/g after dozens of cycles. On the other hand, control of the volume change by tuning of the morphology of the Si has rarely been reported yet. [31] [32] In addition, inherent low electrical conductivity of Si tends to degrade overall battery performance due to high impedance of electron flow during electrochemical process. Therefore, numerous ideas have been suggested to minimize the volume change and to increase the electrical conductivity. [33] [34] [35] [36] Several remarkable approaches are the use of nanometer sized silicon 32, 37, 38 and preparation of composites with carbon materials such as amorphous carbon, 28, 29 aerogel, 39 and carbon nanotubes.
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Among carbon nanostructures, the application of CNTs in silicon-based anode materials has been attractive, owing to its advantageous effects such as excellent electrical conductivity and mechanical flexibility. However, Si-CNT nanocomposites have not yet been successfully developed for this specific application due to several inherent difficulties. One critical problem is the high specific surface area of CNTs (100-1500 m 2 /g depending on types), which would result in low initial coulombic efficiencies of less than 80% through the formation of a solid-electrolyte interface (SEI) on the surface of CNTs. 44 An initial efficiency higher than 85% in a half-cell is required as one of the most important criteria for the industrially acceptable full cell battery design. Another general obstacle of CNTs application is the uniform dis-persion of CNTs in composite matrices. For the application of Si-CNT as anode, the homogeneous mixing of CNT and Si NPs is the critical for performance improvement. Even if a lot of research effort has been devoted to the development of method for the production of Si-CNT composite or hybrid, it is still a challenging task to establish a reliable way.
In a previous article, 45 it was reported that the Si-CNT nanocomposites produced by a cost-effective wet-type milling process followed by a thermal treatment exhibits a competitive electrochemical performance as an anode material in lithium ion battery. If we can confine Si-CNT nanocomposites into an external carbon shell to control the volume shrinkage/expansion of Si NPs, the cyclic performances and coulombic efficiencies of these Si-CNT nanocomposites are expected to improve dramatically. Therefore, in this study, carbon microcapsules containing Si-CNT nanocomposites (Si-CNT@C) have been fabricated by a two step polymerization. An intermediate polymer layer such as polystyrene (PS) and poly(methyl methacrylate) (PMMA), which is susceptible to a thermal treatment was polymerized on the surfaces of Si-CNT nanocomposites. Subsequently, carbon precursor polymer layer, which can be carbonized by a thermal treatment was incorporated onto the surfaces of pre-formed polymer layer containing Si-CNT nanocomposites. In this way, polymer precursor spheres containing Si-CNT nanohybrids were produced using a two step polymerization. The intermediate polymer readily disappears during carbonization resulting in the formation of an internal free space. The carbon precursor polymer should transform to carbon shell to encapsulate remaining Si-CNT nanocomposites. Therefore, hollow carbon microcapsules containing Si-CNT nanocomposites could be obtained (Si-CNT@C). This method is challenging and would pave a new way to improve the performances of a Si-CNT based anode in lithium ion battery.
Experimental
Materials. Silicon nanoparticles (Si NPs) with an average diameter of 100 nm was purchased from High Purity Chemical Co. (Japan) and used without further purifications. Multi-walled carbon nanotubes were purchased from Iljin Nanotech Inc. (Seoul, Korea) and used as received. Monomers such as styrene (STY), methyl methacrylate (MMA), and pyrrole (Py), surfactants such as sodium dodecyl sulfate (SDS), dodecyltrimethylammonium bromide (DTAB) and sorbitan monooleate (SPAN80), and initiator iron (III) chloride were purchased from Aldrich (Wisconsin, US) and used as received. Azobisbutylonitrile (AIBN) as an initiator was recrystallized from methanol. All solvents such as octanol and ethanol were dried by a common method.
Fabrication of Si-CNT and Si-CNT@C. Si-CNT nanocomposites were prepared by a wet type beadsmill method. A mixture of Si nanopowder and CNT in a weight of 9:1 was crushed in octanol by beadsmill treatment (Ultra Apex Mill UAM-015, Kotobuki Ind. Co. Ltd., Japan). Fine slurry was obtained in the condition of 55 Hz for one or two hours using 0.1 mm sized zircornia beads. Then, Si-CNT nanocomposite was obtained by drying at 120 °C in air convection oven overnight.
In a typical synthesis of Si-CNT@C microcapsules, Si-CNT (2.0 g) was mixed with octanol (0.5 g) and SPAN80 surfactant (0.25 g). This Si-CNT paste was dissolved in a SDS surfactant solution (0.5 g SDS in 50 mL distilled water) and stirred vigorously. Then an intermediate polymer layer, PMMA was polymerized from MMA monomer (2.0 g) with an initiator AIBN (0.01 g) on the surfaces of Si-CNT (Si-CNT@PMMA) at 75 °C for 3 h. Subsequently, a carbon precursor polymer layer, PPy was polymerized from Py monomer (0.5 g) with an initiator iron (III) chloride (FeCl 3 , 1.0 g) (Si-CNT@PMMA@PPy) at room temperature for 2 h. Carbonization of polymer microcapsules containing Si-CNT at 900 °C under nitrogen atmosphere produced Si-CNT@C microcapsules. Figure 1 shows the universal carbonization profiles employed in this study, which was composed of stabilization, heating, holding, and natural cooling. For the carbonization of polymer precursor, the stabilization step is critical. The stabilization of polymeric precursors was performed below 300 °C to avoid thermal decomposition. Table 1 indicates the thermal decomposition temperatures of polymer precursors employed in this work.
Electrode Preparation and Half Cell Test. Carbon microcapsules containing Si-CNT (80 wt %) were mixed in a binder polyvinyldifluoride (PVDF, 20 wt %) and agitated. The solvent for PVDF was N-methylpyrrolidone (NMP). Then the paste was coated onto a 15 µm-thick copper foil and dried at 120 °C in a vacuum oven for 2 hours. For half cell test, the electrode was pressed and punched in 12 mm diameter circle, then assembled in a coin-type cell (CR2016) with a lithium metal counter electrode, a polytetrafluoro- ethylene (PTFE) separator, and electrolyte (1.3 M LiPF 6 in EC/DEC 3:7 volume ratio, Cheil Industries Inc., Korea). Electrochemical measurements were performed at a constant current of 0.2 C rate in a voltage range of 0-1.5 V vs. Li/Li + . Characterizations. The morphology of microcapsules was observed using a Hitachi S4200 field emission scanning electron microscope (FE-SEM). High resolution transmission electron microscopy (TEM) was conducted using a 200 keV F20ST (FEI Company). X-ray diffraction patterns were recorded on a Rigaku RINT2200HF+ diffractometer with Cu Kα radiation. Figure 2 shows the SEM image of Si-CNT nanocomposite prepared by a beadsmill mixing. Silicon nanoparticles with an average diameter of 100 nm and carbon nanotubes are homogeneously mixed as seen in the image. To elevate the chances of electrical conductance between CNT and Si NPs, the homogeneous mixing of CNT and Si NPs is important. This is because electrical paths can be minimized relatively in the case of homogeneous mixing state. After the beadsmilling of silicon particles with a micrometer scale, thin silicon platelets with an average thickness of 25-75 nanometer were obtained. 45 However, pulverization was not observed in this case. When alcohols with short chains such as ethanol and isopropyl alcohol were used as solvents for beadsmilling, the surfaces of Si NPs were significantly oxidized. Thus the performance of Si-CNT as an anode material deteriorated (data not shown).
Results and Discussion
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The synthetic scheme for fabrication of Si-CNT@C microcapsules is summarized in Figure 3 . First, Si-CNT nanocomposites prepared by a beadsmill method were mixed with octanol, which was selected as best solvent for a beadsmill process. 45 Then an amount of surfactant soluble in organic solvents, sorbitan monooleate (SPAN80) was added to stabilize the Si-CNT/SPAN80/octanol mixture in an aqueous SDS solution. It is generally known that the selection of counter surfactant is important and critical in order to produce very small droplets in an emulsion solution. Even if little information is available regarding the properties and uses of SPAN80, 46, 47 it was revealed by our experiments that micelles from SPAN80 could retain their shapes in an aqueous SDS solution. The simple experiments demonstrated that the spraying of a SPAN80 solution into a SDS solution generated spherical micelles. Therefore, SPAN80 is a reasonable counter surfactant of SDS for the formation of microscale droplets in an emulsion system. In addition, it is important to apply a mild agitation to maintain the morphology of Si-CNT/SPAN80/octanol paste in a SDS solution. It was also confirmed that micelles from SPAN80 were stable under harsh electrospinning conditions. 47 On the other hand, the viscosities of SPAN80 and octanol can provide an adhesion promotion (binding) effect for CNT/SPAN80/octanol (Figure 3(a) ).
Then an intermediate polymer layer such as PS or PMMA, which decomposes easily during carbonization to generate internal space was polymerized on the surfaces of Si-CNT nanocomposites. The intermediate polymer can also act as a binder for coagulation of Si-CNT mixture. Thus Si-CNT mixture can stay intact in the surfactant solution. The monomers styrene and methyl methacrylate show chemical affinities to surfactants SPAN80 and SDS. In addition, the surfaces of both Si NPs and CNTs might play active sites for polymerization of styrene or methyl methacrylate. Therefore, polymerization must proceed spontaneously with heating the mixture solution at a temperature. On the other hand, the shapes of the resulting Si-CNT@polymer microspheres must be diverse because the morphologies of Si-CNT nanocomposites are irregular and have a broad size distribution. Binding Si-CNT mixture with intermediate polymer layer can be one of feasibly methods for the promotion of spherical structure formation. In terms of lithium battery anode performance, this shape diversity and size distribution are insignificant (Figure 3(b) ).
In this system, it is extremely difficult to prepare Si- CNT@polymer microspheres with a narrow size distribution because the driving force for the formation of SiCNT@polymer spheres is the balance in surface tension between two types of micelles derived from SPAN80 and SDS, respectively. The force balances at micelle interfaces are susceptible to the external parameters such as surfactant concentration, stirring speed, temperature, solvent compatibility. Consequently, we have focused on the encapsulation of maximum amount of Si-CNT with intermediate polymer layer. Subsequently, a carbon precursor polymer layer such as PPy or PS/PDVB, which produced an external carbon shell encapsulating Si-CNT nanocomposite was polymerized onto the outer surfaces of pre-existing Si-CNT@polymer microspheres. If PMMA was used as an intermediate layer, PPy was polymerized as an outer carbon precursor layer. On the other hand, PS-PDVB was employed as carbon precursor in case of PS intermediate layer. These combinations of intermediate and carbon precursor polymer were selected based on the compatibilities between polymers. Even if PS and PMMA are both hydrophobic polymers, previous experiments revealed that PMMA showed a better compatibility with PPy. 48 In addition, the interdiffusion of polymer at the interfaces is negligible. For PMMA-PPy, interfacial interaction is known to be weak. PS-PS/PDVB is a non-crosslinked/crosslinked polymer system resulting in a negligible interfacial interaction. This is one of the most important prerequisites for the realization of hollow carbon microcapsules (Figure 3(c) ).
A subsequent thermal treatment under a controlled temperature profile produced Si-CNT@C microcapsules. The carbon spheres were obtained by a carbonization process illustrated in Figure 1 . Because the precursors are polymeric, the stabilization step is very important. The molecular rearrangements of polymer chains and evaporation of low molecular weight components must happen in this slow elevation period (1°C/min) leading to a stable state for further heating. This process was carried usually under 300°C, which is a limitation for thermal resistances of most polymers. Carbon structures were produced during the heating process (3°C/min) to target temperature, where the elimination of atoms (hydrogen, oxygen, and nitrogen) occurred simultaneously. Holding at target temperature a couple of hours followed by natural cooling provided spherical carbons. It would be clear that the breakage of polymer spheres during carbonization was insignificant ( Figure 5 ). This finding supports the feasibility of our experimental procedure for carbon sphere formation (Figure 3(d) ). Figure 4 displays the SEM images of Si-CNT@PMMA microspheres with tens of micrometer scale. As shown in Figure 4 (a), the overall morphologies of Si-CNT@PMMA are spheres and there is a broad size distribution. The surfaces of Si-CNT@PMMA microspheres are macroporous which reflects the inherently irregular morphologies of Si-CNT nanocomposite. It has been almost impossible to encapsulate Si-CNT perfectly, but the incorporation of Si-CNT into confined state is an efficient way for controlling volume expansion of Si NPs and providing electrical pathways between Si NPs. A closer look at the surface of a Si-CNT@PMMA microsphere reveals the presence of Si NPs, CNTs, and macropores as confirmed in the inset of Figure  4 (b). In addition, the macropores are homogeneously distributed in each microsphere. These macropores can be filled with carbon precursor polymer like PPy leading to the generation of more spherical morphologies.
The second polymerization of pyrrole with iron (III) chloride produced Si-CNT @PMMA@PPy microspheres shown in Figure 5 (a). It is conspicuous that the microspheres are composed of amorphous and spherical microparticles. If the surfaces of Si-CNT@PMMA microspheres were covered with a sufficiently thick layer of PPy, more spherical microparticles could be produced. On the contrary, nonuniform coating of PPy onto the surfaces of Si-CNT@PMMA microparticles generated microspheres with irregular shapes. Therefore, it is reasonable to conclude that Figure 5(a) shows the typical image of Si-CNT @PMMA@PPy microspheres. Thermal treatment of Si-CNT@PMMA@PPy precursor with a controlled temperature profiles produced Si-CNT@C microcapsules presented in Figure 5 (b). It is difficult to recognize the remarkable changes during carbonization, because the overall texture of Figure 5 (b) is similar with that of Figure 5(a) . Moreover, the change in size before and after carbonization is not obvious because the size of each Si-CNT@C microcapsule was determined by the core Si-CNT composite. This is opposite to the phenomenon observed in carbon microcapsules containing Si NPs (Si@C), 49 where a significant size reduction happened. This observation is consistent with the general behaviors of PMMA and PPy during carbonization process. 48, 50 Importantly, large scale aggregations of Si NPs or CNTs were not highly probable, which means that the anode performances of Si-CNT@C are insignificantly affected by clusters of Si NPs or CNTs.
The successful formation of Si-CNT@C microcapsules was confirmed by cross-sectional TEM observation, XRD pattern, and EDX analysis. The cross-sectional TEM image shows the presence of Si and trace of CNT (Fig. 6(a) ). For the carbonization of polymer/Si microcapsules, the formation of outer carbon shell and the carbonization on the surface of Si-CNT nanomaterials occur simultaneously because the surface energy of Si is sufficient to retain polymer layer. Therefore, the amount of carbon precursor might become deficient locally due to both volume shrinkage and elimination of elements as the carbonization proceeded. In this way, macropores could be formed eventually. Figure 6 (b) illustrates the typical XRD pattern of Si-CNT@C derived from Si-CNT@PMMA@PPy precursor. Characteristic peaks associated with Si, graphitic carbon from CNTs, and amorphous carbon from the carbon shell were clearly observed on the pattern in Figure 6 (a). Table 2 summarizes the characteristic peaks for various phases in carbon microcapsules. XRD data indicates that Si-C and Si-O phases existed in the carbon microcapsules. The existence of Si-O phase can be understood by the presence of native oxide layer on Si surface. On the other hand, the formation of Si-C phase might be attributed to the carbonization of polymer precursor on the Si/Si-O nanoparticle surfaces. It is noteworthy that the relative intensities of peaks for amorphous carbon are weak compared with those of graphite. This fact indicates that the average thickness of external carbon shell is low compared with the average diameter of Si-CNT@C microcapsules. This result is desirable for the performance improvement of Si-CNT@C as anode in lithium ion battery, because the flows of electrolytes or Li ions through the carbon shell layer can be promoted as the thickness decreases. EDX results from center and edge region of Si-CNT@C microcapsules indicated the encapsulation of Si-CNT mixture with carbon shell. Center region EDX (Fig. 6(c) ) shows the presence of C, Si, and O, associated with CNT, Si, and SiOx. On the contrary, edge region ( Fig. 6(d) ) shows the increased portion of C, decrease in Si and O, and trace of Cl and S from surfactant residues. Figure 7 (a) exhibits the voltage profiles of the Si-CNT@C microcapsules (same as in Figure 5 (b)) at 0.2 C rate between 1.5 V and 0 V in coin-type half cells. At this rate, the first discharge and charge capacities were 1610 and 1314 mAh/g respectively, which indicates a coulombic efficiency of 80%. This is comparable with the Si nanowires (79% coulombic efficiency). 31 On the other side, the first discharge and charge capacities were considerably higher than those of carbon microcapsules containing Si NPs (Si@C, 1328 and 1053 mAh/g at 0.2 C). This is attributed to the introduction of CNTs inside microcapsules, which provides electrical connection for even pulverized Si NPs. In addition, the coulombic efficiency of 80% is slightly improved compared with Si@C microcapsules prepared by a similar emulsion polymerization method (78%). This improved efficiency is associated with the presence of an external carbon shell, which may decrease the occurrence of side reactions with the electrolyte. An irreversible capacity of 20% is due to the side reactions where solvent and salt anions were reduced on the active site forming insoluble salts. 51 The other reason that contributes to the irreversible capacity is the presence of native oxides on the surfaces of Si NPs. The decomposition plateau of silicon oxides to Si and Li 2 O must appear near 0.8 V. 22 Because the reversible capacity of the amorphous carbon is approximately 100 mAh/g, 4 the capacity contribution from the carbon shell is negligible. The capacity retention at a rate of 0.2 C was as high as 50% after 25 cycles while a coulombic efficiency at 0.2 C was greater than 99% after 50 cycles. The relatively fast deterioration of capacity retention capability is associated with the presence of microscale pulverization of Si NPs inside carbon capsules as well as with the eventual formation of loosely interconnected carbon shell from PPy. The presence of heteroatom (N) and unique molecular structures of PPy might lead to the promotion of carbon shell disruptions during charge/discharge processes.
To improve this drawback, Si-CNT@C microcapsules were derived from Si-CNT@PS@PS-PDVB ( Figure S1 ). In this case, PS was an intermediate polymer and PS-PDVB was used as carbon precursor. Because PDVB is a crosslinking agent, the PS-PDVB precursor can have a heavily interconnected network. So it was possible to improve the stability of resulting carbon shell using a PS-PDVB external layer. The first discharge and charge capacities were 1590 and 1250 mAh/g respectively at a rate of 0.2 C, which indicates a coulombic efficiency of 79%. This value is similar with that of Si-CNT@C made from Si-CNT@PMMA@PPy. However, the capacity retention at a rate of 0.2 C was as high as 70% after 25 cycles while a coulombic efficiency at 0.2 C was greater than 98% after 40 cycles. Consequently, charge retention capability was remarkably improved by using PS-PDVB carbon precursor. For Si-CNT, the initial coulombic efficiency (IE) and capacity retention at 10 th cycle was 58-74% and 75-94%, respectively. 45 However, IE value increased upto 79% by encapsulation. Capacity retention at 10 th cycle was approximately same. The coulombic efficiency at 50 th cycle was over 99% for most Si-CNT@C.
It is meaningful to observe the morphology of Si-CNT@C microcapsules after lithium battery half cell test. Figure 9 shows the SEM image of Si-CNT@C microcapsules after 50 charge/discharge cycles (same sample as in Figure 7 ). The most remarkable difference between before and after battery cycles was the presence of salt or other components outside microcapsules. This is due to the side reaction with electrolyte or salt formation. However, the overall morphology did not changed considerably by Li charge/discharge process.
Conclusion
Polymer and carbon microcapsules containing silicon nanoparticle-carbon nanotube composite (Si-CNT@C) were successfully fabricated by a sequential two-step emulsion polymerization followed by a carbonization process. The resulting Si-CNT@C microcapsules had internal free space for accommodating volume expansion/shrinkage of silicon nanoparticles during lithium ion charge/discharge process. Carbon nanotubes could provide elevated electrical connections to pulverized silicon nanoparticles. These Si-CNT@C microcapsules were successfully incorporated as anode in lithium ion batteries. They showed a comparably high reversible capacity and a coulombic efficiency (~80%). The introduction of cross-linked carbon precursor led to the improvement of capacity retention capability. The morphology of Si-CNT@C microcapsules were retained after 50 cycles. This work can promote subsequent research on Si-CNT hybrid materials for practical commercialization.
